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Spin dynamics of strongly doped La 12xSrxMnO3
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Moscow Steel and Alloys Institute, Moscow 117936, Russia

Cold neutron triple-axis measurements have been used to investigate the nature of the
long-wavelength spin dynamics in strongly doped La12xSrxMnO3 single crystals withx50.2 and
0.3. Both systems behave like isotropic ferromagnets at lowT, with a gapless (E0,0.02 meV)
quadratic dispersion relationE5E01Dq2. The values of the spin-wave stiffness constantD are
large ~DT505167 meV Å2 for x50.2 andDT505176 meV Å2 for x50.3!, which directly shows
that the electron transfer energy for thed band is large.D exhibits a power law behavior as a
function of temperature, and appears to collapse asT→TC . Nevertheless, an anomalously strong
quasielastic central component develops and dominates the fluctuation spectrum asT→TC . Bragg
scattering indicates that the magnetization nearTC exhibits power law behavior, withb.0.30 for
both systems, as expected for a three-dimensional ferromagnet. ©1998 American Institute of
Physics.@S0021-8979~98!27311-7#
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Since the recent discovery of unusually large magneto
sistive effects in perovskite manganites, the doped LaMn3

class of materials1 has generated continued interest and
motivated experimental and theoretical work devoted to
derstanding of the origin of this colossal magnetoresista
~CMR! phenomenon. The large variation in the carrier m
bility originates from an insulator-metal transition that
closely associated with the magnetic ordering. The on-
exchange interaction between the spins on the manga
ions is believed to be strong enough to completely pola
the (eg) conduction electrons in the ground state, forming
‘‘half-metallic’’ ferromagnet. However, hopping, and henc
conduction, may only occur if the Mn core spins~formed by
thed electrons in at2g orbital! on adjacent sites are paralle
which then directly couples ferromagnetic order with t
electrical conductivity at elevated temperatures. This mec
nism, known as the double exchange mechanism,2 was first
proposed in the 1950s, and has provided a good descrip
of the evolution of the magnetic properties with band fillin
However, in order to fully explain all the properties of th
CMR materials, strong electron correlations,3 and/or a strong
electron-lattice coupling4 in different polaronic approache
are invoked. This unique class of half-metallic ferromagn
provides an excellent opportunity to elucidate the influen
of such correlations on the lattice and spin dynamics, wh
can best be probed by inelastic neutron scattering.

In the optimally doped regime withx;0.3 it has been
shown that the ground state spin dynamics is essentially
expected for a conventional metallic ferromagnet descri
by an isotropic Heisenberg model.5–7 For the Ca-doped sys
tem, however, results obtained on polycrystalline samp8

have indicated a possible coexistence of spin-wave exc
tions and spin diffusion in the ferromagnetic phase. In p

a!Electronic mail: lida@rrdstrad.nist.gov
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ticular, it was suggested that it is this spin diffusion th
drives the ferromagnetic phase transition rather than the t
mal population of conventional spin waves. In the pres
publication we report diffraction and inelastic measureme
of the spin dynamics in the metallic ferromagne
La0.8Sr0.2MnO3 and La0.7Sr0.3MnO3.

The single crystals used in the present neutron scatte
experiments were grown at the Steel and Alloys Institute
Moscow, using the floating zone method. The cryst
weighed 2.25 and 4.25 g, respectively. The samples w
oriented such that the@100# and @010# axes of the rhombo-
hedralR3̄c cell lie in the scattering plane. The neutron sca
tering measurements have been carried out on the N
~SPINS! cold neutron triple-axis spectrometer at the NIS
research reactor. The~002! reflection of pyrolytic graphite
~PG! was used as monochromator and analyser for mea
ing the low-energy part of the spin-wave spectrum. We ha
used a flat analyzer with a fixed final energyEf53.7 meV, a
cold Be filter on the incident beam, and collimation
408-S-408-1308 in sequence from the neutron guide to d
tector. This configuration offered an energy resolution
;0.15 meV, together with goodq resolution. Each sample
was placed in a helium-filled aluminum cell in a disple
refrigerator. The sample temperature ranged from 15 to
K for La0.8Sr0.2MnO3, and from 30 to 375 K for
La0.7Sr0.3MnO3, and was controlled to within 0.1°.

The crystal structure of both systems at room tempe
ture and below is rhombohedral (R3̄c), with a0.b0.c0

.3.892 Å forx50.2 anda0.b0.c0.3.884 Å forx50.3.
Figure 1 shows the integrated intensity of the~100!

Bragg reflection as a function of temperature for bo
samples. This reflection has a finite nuclear structure fac
and therefore the intensity in the paramagnetic phase is n
zero. The increase in intensity belowTC is due to magnetic
scattering produced by the ferromagnetism of spins align
2 © 1998 American Institute of Physics
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on the manganese ions and yielding a magnetic struc
factor. The solid curve is a fit of the points nearTC to a
power law. The best fits giveTC5305.1 K and a critical
exponent b50.2960.01 for La0.8Sr0.2MnO3, and TC

5350.8 K andb50.3060.02 for La0.7Sr0.3MnO3. Both val-
ues of the critical exponent are slightly below, but rath
close to, the well known three-dimensional Heisenberg
romagnet model value of;1/3.

We have investigated the spin dynamics in the~1,0,0!
high-symmetry direction in both samples. The ground st
spin dynamics for a half-metallic ferromagnet was not e
pected to differ much from the conventional picture of w
defined spin waves, and we found that the long-wavelen
magnetic excitations were in fact the usual spin waves, w
a dispersion relation given byE5E01Dq2, whereE0 rep-
resents the spin-wave energy gap and the spin stiffness
efficient is directly related to the exchange interactions. T
spin-wave gapE0 was too small to be measured directly
energy scans at the zone center, but very high-resolu
measurements on the NG-5~SPINS! cold-neutron triple-axis
spectrometer have allowed us to determine thatE0

,0.02 meV for both systems, which demonstrates that th
are ‘‘soft’’ isotropic ferromagnets. A previously reporte
value ofE050.75 meV for thex50.3 system6 was obtained
from an extrapolation of higherq data, not from direct high-
resolution measurements as in the present case. The

FIG. 1. Temperature dependence of the integrated intensity of the~100!
Bragg peak for~a! La0.8Sr0.2MnO3 and ~b! La0.7Sr0.3MnO3. There is a
nuclear contribution to this peak, and the additional temperature-depen
intensity originates from the onset of the ferromagnetic order atTC

5305 K for the x50.2 system, andTC5350.8 K for x50.3. The solid
curves are fits of the points nearTC to a power law.
Downloaded 22 Jul 2005 to 128.111.9.14. Redistribution subject to AIP
re

r
r-

te
-
l
th
h

o-
e

n

se

w-

temperature values of the spin-wave stiffness constantD are
large: DT505(166.861.51) meV Å2 for x50.2 andDT50

5(17665.00) meV Å2 for x50.3, and give a ratio
D/kBTC;6.34 Å2 and 5.82 Å2 for the x50.2 and 0.3 sys-
tems, respectively. Both values are quite large, as migh
expected for an itinerant electron system.

Figure 2 plots the temperature dependence of the s
wave stiffnessD. The data have been analyzed in terms
two-spin-wave interactions in a Heisenberg ferromag
within the Dyson formalism,10 which predicts that the dy-
namical interaction between the spin waves gives, to lead
order, a temperature dependence:

D~T!5D0H 12
v0l 2p

S S kBT

4pD0
D 5/2

zS 5

2D J , ~1!

where v0 is the volume of the unit cell,S is the average
value of the manganese spin, andz~5/2! is the Riemann zeta
integral. l 2 is the moment defined byl n5S/3D$( l n12J(1)%
and which, compared to the square of the lattice param
a2, gives information about the range of the exchange in
action. The solid curves in Fig. 2 are fits to Eq.~1!, and are
in good agreement with the experimental data for redu
temperatures t5(T2TC)/TC up to t1.20.1 for
La0.8Sr0.2MnO3 and 20.14 for La0.7Sr0.3MnO3. The fitted
values ofl 2 give Al 25(3.9261.04)a0 for x50.2, andAl 2

5(3.8461.22)a0 for x50.3, which indicates that the ex
change interaction extends beyond nearest neighbors in

nt
FIG. 2. Spin-wave stiffness coefficientD in E5E01Dq2 as a function of
temperature for~a! La0.8Sr0.2MnO3 and~b! La0.7Sr0.3MnO3. The solid curves
are fits to Eq.~1!. D appears to vanish at the ferromagnetic transition te
perature, as expected for a conventional ferromagnet. The dashed curv
fits to a power law.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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systems. Fort.t1 , the experimentally measured values ofD
depart from theT5/2 dependence, having rather a power la
behavior and appearing to collapse asT→Tc . The dashed
lines in Fig. 2 are fits to a power law@12(T/TC)#n82b,
wheren8 is the critical exponent for a three-dimensional fe
romagnet.

In the course of our measurements we have noticed
the central peak has a strong temperature dependence o
proachingTC , while typically the central peak originate
from weak temperature-independent nuclear incoherent s
tering. Figure 3~a! shows two magnetic inelastic spectra co
lected at 300 and 325 K, and reduced wave vectoq
50.035 away from the ~100! reciprocal point in
La0.7Sr0.3MnO3 (TC5351 K). A flat background of 4.9
counts plus an elastic incoherent nuclear peak of 110 cou
measured at 30 K, have been subtracted from these data
can clearly see the development of the quasielastic com
nent, comparable in intensity to the spin waves, and the t
perature dependence of the strength of this scatterin

FIG. 3. ~a! Constant-q magnetic inelastic spectra collected at 300 and 325
and a reduced wave vector vectorq5(0,0,0.035) for La0.7Sr0.3MnO3 (TC

5350.8 K), and~b! temperature dependence of the integrated intensity
the quasielastic central component. The dominant effect is the develop
of a strong quasielastic component in the spectrum. AboveTC , all the
scattering in this range ofq is quasielastic.
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shown in Fig. 3~b! as a function of temperature. We obser
a significant intensity starting at 250 K~;100 K belowTC!,
and the scattering peaks atTC . At and aboveTC all the
scattering is quasielastic. For typical isotropic ferromagn
such as Ni, Co, Fe, any quasielastic scattering belowTC is
too weak and broad to be observed directly in the data,
can only be distinguished by the use of polarized neut
techniques. In Fig. 3~a! we can nevertheless see that t
spectrum starts to be dominated by this quasielastic com
nent at temperatures well belowTC . The appearance in th
ferromagnetic phase of a quasielastic component was
observed on Ca-doped polycrystalline samples,8 and it has
been suggested that it is associated with the localization
the eg electrons on the Mn31/Mn41 lattice, and may be re-
lated to the formation of spin polarons in the system.9 We
have observed a similar anomalous behavior of the cen
peak in the more lightly doped system La0.85Sr0.15MnO3,

11

but for that doping we find that the central component b
comes evident only much closer~;25 K! to the Curie tem-
perature. It thus appears that the coexistence of spin-w
excitations and spin diffusion is a common characteristic
many perovskite manganites, and that it may be relevant
the giant magnetoresistance property of these systems.
therefore important to pursue the study of this aspect w
polarized neutron techniques, in order to determine the
ture of the fluctuations involved in this new quasielas
component to the fluctuation spectrum.

Research at the University of Maryland is supported
the NSF under Grant No. DMR-97-01339 and by the NS
MRSEC, DMR-96-32521. Experiments on the NG-5 spe
trometer at the NIST Research Reactor are supported by
NSF under Agreement No. DMR-94-23101. Work at Mo
cow Steel Institute is supported by the ISTC Grant No. 6

1G. H. Jonker and J. H. van Santen, Physica~Utrecht! 16, 337~1950!; E. O.
Wollan and W. C. Koehler, Phys. Rev.100, 545 ~1955!; G. H. Jonker,
Physica~Utrecht! 22, 707 ~1956!.

2C. Zener, Phys. Rev.82, 403 ~1951!; P. W. Anderson and H. Hasegawa
ibid. 100, 675 ~1955!; P. G. de Gennes,ibid. 100, 564 ~1955!.

3Y. Tokura, A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido
and N. Furukawa, J. Phys. Soc. Jpn.63, 3931~1994!.

4A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. Lett.74,
5144 ~1995!; A. J. Millis, Phys. Rev. B55, 6405~1997!.

5T. G. Perring, G. Aeppli, S. M. Hayden, S. A. Carter, J. P. Remeika,
S.-W. Cheong, Phys. Rev. Lett.77, 711 ~1996!.

6M. C. Martin, G. Shirane, Y. Endoh, K. Hirota, Y. Moritomo, and Y
Tokura, Phys. Rev. B53, 14285~1996!.

7A. H. Moudden, L. Pinsard, L. Vasiliu-Doloc, and A. Revcolevsch
Czech. J. Phys.46, 2163~1996!.

8J. W. Lynn, R. W. Erwin, J. A. Borchers, Q. Huang, and A. Santoro, Ph
Rev. Lett.76, 4046~1996!.

9J. W. Lynn, R. W. Erwin, J. A. Borchers, A. Santoro, Q. Huang, J.
Peng, and R. L. Greene, J. Appl. Phys.81, 5488~1997!.

10D. C. Mattis,The Theory of Magnetism~Spinger, Heidelberg, 1981!.
11L. Vasiliu-Doloc, J. W. Lynn, A. H. Moudden, A. M. de Leon-Guevar

and A. Revcolevschi, J. Appl. Phys.81, 5491~1997!.

f
nt
 license or copyright, see http://jap.aip.org/jap/copyright.jsp


